). Oil mists were coherently contained in the vortical flow structures without observable dispersion out of the vortices; they rose up spirally with inclination towards the rear wall and were inducted into the suction slot. The backwards inclination of the oil-mist-containing vortical flow structures, caused by the backwards offset arrangement of the suction slot and the Coanda effect, benefited from the reduction in pollutant leakage induced by the influence of a mannequin's presence. Experimental results using the tracer gas concentration detection method showed a close correlation with the results from the flow visualization and LDV measurements. Under both occupied and unoccupied conditions, in which the mannequin was either present or not present, the IQV range hood provided low SF 6 leakage concentration levels.
INTRODUCTION
The range hood is a typical device used in kitchens of residential buildings to vent oil mists, particles, and toxic gases generated during the food preparation process. However, even though range hoods with high suction flow rates are operated in these kitchens, high concentrations of oil mists and toxic gases in residential or commercial kitchens are still detected (e.g. Li and Delsante, 1996; Li et al., 1997) . Research has shown that inappropriate flow patterns may be detrimental to the removal of fume pollutants generated by cooking. Schmid et al. (1997) , Settles (1997) , Chen et al. (2010) , Huang et al. (2010a,b) , and Chen et al. (2012) showed that leakage in a range hood occurs primarily around the regions below the lower edges of the front and side panels of the hood due to the expansion effect of plumes.
The working principle of conventional range hoods is similar to that of the buoyant plume capture hoods (receiving hood) that have been extensively used as a local exhaust device to capture contaminants generated at working sites. Dalla Valle (1945) has revealed the fundamental theory of a circular hood. He presented the theory that the rising plume velocity along the centerline of *Author to whom correspondence should be addressed. Tel: +886-2-2737-6488; fax: +886-2-2737-6460; e-mail: rfhuang@mail.ntust.edu.tw the hood decays quickly with increasing distance away from the receiving hood. In practical use, it is difficult to place the range hood at a distance very near the countertop where the cooking oil mists are generated because the room between the hood and the countertop is required as a workspace for the cook. Generally, a distance of about 4-6 suction diameters is not unusual. Under this condition, the rising plume velocity on the centerline under the hood at the countertop will be about 0.04-0.02 m s −1 , according to Dalla Valle's theory. These values are too small to carry the oil fumes up into the hood openings and will be very vulnerable to the influences of a cook's presence, cross drafts, and drafts around the hood (Flynn and Ellenbecker, 1987; Huang et al., 2001) . In practical applications, cooking oil mists behave like a hot plume, which expands with the vertical distance from the smoke-generating source and can induce a high turbulence of flow and dispersion of oil mists (Li et al., 1997) . The rising plume velocity will be increased by the buoyancy effect induced by the heat, while the expansion effect will significantly increase leakage.
Some specifically designed range hoods have a downdraft or a backdraft slot, which may create higher suction velocity near the pollutant generation source. However, such an arrangement may sometimes induce blowout of the flame. We therefore focused on the improvement of the up-suction hood in this study. Since cooking oil mists are transported by air flow, hood performance is thus highly dependent on the flow field. Creating a flow field that can efficiently contain the oil mists and has less diffusion/dispersion may be a feasible method to decrease leakage of the range hood. In order to circumvent the inherent aerodynamic difficulties of the conventional range hood as discussed, this study developed a specially designed range hood (IQV range hood) and examined the flow and leakage characteristics by experimental methods.
MATERIALS AND METHODS

The IQV range hood
A new type of range hood termed the 'inclined quad-vortex (IQV) range hood' was developed for experimental study. Figure 1a ,b shows hand sketches of the front and side views, respectively. It included a hood, a countertop on a steel frame test bench, a rear wall, and two side plates. The hood with a narrow inlet on its bottom face was installed at a height H = 60 cm above the countertop of the test bench. The length and width of the hood inlet were 0.6 and 0.02 m, respectively. Above the hood inlet was an air box that functioned as a buffer for air exhaust. The air flow was drawn through the hood inlet to the air box, and finally expelled outdoors through a piping system with a venturi flow meter and a centrifugal blower. The venturi flow meter, together with a calibrated pressure transducer, was used to measure the flow rate. The flow rate was denoted as Q s , and the average suction velocity at the suction slot induced by the exhaust blower was denoted by V s . Two vertical side plates were attached to lateral edges of the hood. The width of the hood (W) (i.e. the distance from the left side plate to the right side plate) was 100 cm. Half-circular arcs with a diameter of 5 cm were attached to the leading edges of the hood and two side plates to postpone the location of boundarylayer separation (Tseng et al., 2006) . Crossflow fans were arranged at the locations shown in Fig. 1 to supply down-blowing plane jets through narrow slots on the hood. The down-blowing jet velocity was set at V b = 1.9 m s −1 in the study. The purpose of installing the down-blowing plane jets was aimed at decreasing the opportunity for leakage from the corner area around the front junction of the hood and the side plates. Two electric heaters with hot plates on top were placed on the countertop.
Laser light sheet flow visualization
This study used the Mie scattering technique (Ellzey et al., 1990) to visualize the flow patterns. The light source for flow visualization was a 100 mW Nd-YAG laser. The wavelength of the light beam emitted from the laser head was 532 nm. Using a set of optics, the laser beam was bundled in a planar laser sheet with a thickness of about 0.5 mm. To conduct the flow visualization experiments, oil pans with a diameter of 28 cm were placed on the hot plates of the electric heaters. Mineral oils with a boiling temperature of about 280°C were used to fill the pans. During the experiments, the temperatures of the hot plates of the heaters and the oils contained in the pans were 380 and 230°C, respectively. Large amounts of oil mists were generated and emitted from the heated oil pans for flow visualization. The visualizations were performed by arranging the laser light sheet in the horizontal and vertical planes. The oil mist particles scattered the laser light and made the images of the mists in the plane of the laser light sheet clearly visible. The images of oil mists in the laser light sheet were recorded by a CCD camera.
Velocity measurement
The velocity distributions across various horizontal and vertical planes under the hood were measured by a two-component laser Doppler velocimeter (LDV). The blue and green laser beams supplied by a Spectra-Physics' Stabilite-2017 6-W argon-ion laser were separated and focused through the Dantec Fiber-Flow optical system. The system was configured to operate in the backscatter mode.
A Dantec two-component correlation processor was used to convert the Doppler signals into frequency data. The instantaneous frequency data was fed into a PC-controlled data acquisition system to calculate the instantaneous and time-averaged velocities. Each instantaneous velocity data record consisted of 10 000 samples, which would last for about 5 s. The average sampling rate was about 2 kHz. The hot plates were heated to 380°C, and the oil temperature was 230°C. The accuracy of the velocity measurement was estimated to be less than 0.8% of the reading.
Tracer-gas test
The SF 6 (sulfur hexafluoride) tracer-gas concentration detection method was employed to evaluate the spillage characteristics of the IQV range hood. The SF 6 gas was released from small holes in the homemade gas release rings at a flow rate of 3 L min −1 for each ring. The gas release rings were made of copper tubes with an inner diameter of 0.4 cm. In total, 20 small holes with diameters of 0.2 cm were drilled along each gas release ring to eject SF 6 gas. The gas release rings were attached to the hot plates on the top of the electric heaters in order to receive the heat and buoyancy from the hot plates. The hot plates were heated to 380°C. The sampling grid, which was used to measure the local area-averaged leakage concentrations, was composed of nine stainless steel sampling probes. These nine sampling probes were arranged in a grid of a square area of 20 cm× 20 cm. The diameter of each sampling probe was 1.0 cm, and the length of each sampling probe was 15 cm. Each sampling probe had a 3 cm inner diameter funnelshape effuser at the inlet of the probe. The velocity at the effuse inlet was 4 cm s −1 in order not to significantly distort the flow field. The sampling probes were connected to the inlets of a mixing manifold by Teflon tubes of equal length. The detector probe was affixed to the outlet of the mixing manifold. The sampled gas from each sampling probe was mixed in a mixing chamber and then passed through a Miran SapphIRe TM Infrared Analyzer to measure the concentration of sulfur hexafluoride gas. The resolution of the instrument was 0.001 ppm. The internal sampling rate of the detector was 20 readings per second. Averaged readings over 1 s were recorded as one data point. For each measurement, the data of SF 6 concentration was continuously recorded for 12 min. Mean values of SF 6 concentration data were calculated by arithmetically averaging the recorded data over the sampling period.
Two cases (unoccupied and occupied) were tested. For the unoccupied case (i.e. no mannequin appearing), six measurements were performed at locations P1-P6 shown in Fig. 1c , and two measurements were conducted at locations P7-P8 (right side) shown in Fig. 1d . For the occupied case (i.e. mannequin appearing at the front face of the hood), two types of measurements (front face and breathing zone) were performed.
The deployment of the apparatus for the front face measurement was shown in Fig. 1e ,f. The mannequin was standing in front of the left electric heater with a distance D from the belly of the mannequin to the front edge of the countertop. The nine-probe sampling grid was measured at locations P9-P12. For the breathing zone measurement, as shown in Fig. 1e ,f, the detector probe penetrated through the neck of the mannequin so the inlet of the probe was located at the breathing zone of the mannequin.
RESULTS AND DISCUSSION
Flow patterns
Figure 2a , as shown in Fig. 2b , oil mists raised from the oil pans are concentrated around the central area in the target horizontal plane. The oil mists can be divided into two groups: one is located above the left oil pan and the other above the right oil pan. Each group of oil mists can be further categorized into two subgroups. In the recorded movies, the motion images of the oil mists clearly show four vortices-neighboring vortices present a counterrotating motion, as indicated by the arrows in Fig. 2b . In the movie, the rotation speed of the vortices at V s = 10 m s −1 (Fig. 2b ) are higher than that at V s = 7 m s −1 (Fig. 2a) . The oil mists are contained in the rotating vortices so that no dispersion of smoke towards the area near the side plates or the rear corners is observed. Figure 3 shows the images of oil mists in various vertical planes at the velocities V s = 7 and 10 m s −1 . In the symmetry plane (x = 0), oil mists at V s = 7 m s −1 (Fig. 3a) present wider dispersion than those at V s = 10 m s −1 (Fig. 3b ). At V s = 10 m s −1 , oil mists incline towards the rear wall as they rise towards the suction slot. The inclination of oil mists towards the rear wall is induced by two effects. First, the suction slot of the IQV hood is intentionally designed to be located at the position near the rear wall, as shown in Fig. 1 , so that the air flow (and the oil mists) is drawn into the suction slot following an oblique path. Second, the Coanda effect (Newman, 1961) , also termed the wall effect, induces a pressure force difference between the front opening of the hood and the area near the wall and therefore 'pushes' the oil mists towards the rear wall. In the vertical plane across the center of the left oil pan (x = −20 cm), as shown in Fig. 3c,d , oil mists emitted from the front edge of the left oil pan incline immediately backwards at an inclination angle larger than those shown in Fig. 3a ,b. The oil mists rise, almost attach to the rear wall at the upper part of the rear wall, turn a little frontwards towards the slot, and eventually are exhausted through the slot. The backwards inclination of the path of the rising oil mists may result in a reduction in oil mist leakage when the cook appears in front of the counter, the cook moves his/her hands, or the environment has a draft, and when these occurrences happen, oil mists float away from the hood face.
In the vertical plane near the left side plate (x = −46 cm, i.e. 4 cm away from the side plate), the oil mists present a pattern different from those in the planes x = 0 and −20 cm. In Fig. 3e for V s = 7 m s , the danger of pollutants escaping from the hood face from the area near the side plates via the physical mechanisms of molecular diffusion and turbulent dispersion is almost unavoidable because the oil mists fill that area and appear near the hood face. In the case of Fig. 3f for the larger suction velocity V s = 10 m s −1 , only a very small quantity of oil mists appear around the rear upper corner, which is far away from the hood face; therefore, leakage through the hood face via diffusion and dispersion would be more difficult than the case of Fig. 3e for V s = 7 m s −1 . Figure 4 shows the images of oil mists in the vertical plane across the center of the left oil pan (x = −20 cm) as a mannequin appears in front of the counter (occupied case). It can be seen that in both cases of V s = 7 m s −1 (Fig. 4a ) and 10 m s −1 (Fig. 4b) , the backwards-inclined oil mists are not subject to the influence of the mannequin's presence. According to Tritton (1988) , a flow passing over a bluff body may form a large standing recirculation bubble at Reynolds numbers between about 5-40 and form a vortex shedding at Reynolds numbers larger than about 40. The Reynolds number is defined as the product of flow velocity and width of the bluff body divided by the kinematic viscosity of fluid. Under either condition, time-averaged reverse turbulent flows going towards the downstream side of the bluff body are inevitable. Applying this physical phenomenon to the situation of hood flow with a mannequin standing in front of the hood, a large recirculation bubble or vortex shedding may appear in front of the mannequin if the Reynolds number is larger than about 5. Based on the experimental results of Huang et al. (2010a) for the flow field of a conventional range hood, the turbulent reverse flow in the wake of a mannequin standing in front of the hood usually causes oil mists to be drawn into the recirculating bubble downstream from the mannequin's chest and induces dispersion of the oil mists. For comparison, we took a picture of the oil mist images in the vertical plane under a conventional hood both with and without a mannequin standing in front of the hood and show them in Fig. 5a ,b. Oil mists in the unoccupied case attach to the rear wall, as shown in Fig. 5a . In the occupied case (Fig. 5b) , however, large amounts of the oil mists disperse to the area in front of the mannequin's chest. These scenarios are similar to those shown by Huang et al. (2010a) . In the case of the IQV hood, as shown in Fig. 4 , the oil mists are backwards inclined. Therefore, the reverse flow occurring in the wake of the mannequin presents significantly less influence on the oil mists than does the conventional range hood. Figure 6 shows the velocity vectors and corresponding streamline pattern measured in the horizontal plane z = 20 cm by the two-component laser Doppler velocimeter. The flow is drawn across the hood face and goes into the area between the two side plates and the rear wall, forming a complex streamline pattern. Near the side plates, the streamlines form vortices N 1 and N 4 . The vortex N 1 rotates in a counterclockwise direction, and the vortex N 4 rotates in a clockwise direction. In the area away from the side plates, four vortices (N 2 , N 3 , N 5 , and N 6 ) are formed and are grouped into two pairs-N 2 and N 3 form the left vortex pair, and N 5 and N 6 form the right vortex pair. Each vortex pair contains two counter-rotating vortices. The flow between the neighboring vortices of the same vortex pair passes the gap between these two neighboring vortices and goes rearwards. Around the central part between the two vortex pairs, the flow goes directly rearwards without any reversal. The streamlines going through the hood face are constricted towards the symmetry plane and expand after they pass through the hood face. Around the area between vortices N 3 and N 6 , the streamlines expand significantly and are constricted towards the symmetry plane after they pass through the gap between vortices N 3 and N 6 . Referring to Fig. 2b , which shows the oil mist images corresponding to Fig. 6 , the oil mists are coherently contained in the four counter-rotating vortices N 2 , N 3 , N 5 , and N 6 . This is because the pressure in a vortex would be lower than the pressure of its surrounding atmosphere due to the rotating motion of the flow. From the vortex center, pressure increases gradually with an increasing distance from the vortex center and attains the maximum value in the area outside the vortex, which is similar to the pressure distribution across a Rankine vortex (Yuan, 1967) . The phenomenon of oil mists being contained in the rotating vortices may be induced by the low pressure existing in the vortices. Since the oil mists are contained in the vortices, dispersions of pollutants would become less significant when compared with the flow field presenting noncoherent flow structures. We have tried to replace the suction slot on the bottom face of the hood by either one or two circular hood inlets, and this causes the flow field in the horizontal plane revealed by the oil mists to spread widely and presents chaotic motions-no coherent vortical flow structures were observed, as shown in Figs 2b and 6. We have also tried to remove the side plates from the IQV range hood, but the vortical flow structures do not appear in this case either. The velocity vectors and associated streamline pattern in the vertical plane across the center of the oil pan (x = −20 cm), as shown in Fig. 7 , present three vortical flow structures. The first vortical flow structure is a large recirculation bubble existing near the front edge of the countertop and in front of the oil pan. This recirculation bubble is induced because the boundary layer separates from the front edge of the countertop. Since the outer edge of the recirculation bubble attaches to the location beneath the front rim of the pan and subsequently curves downwards, oil mists rising from the oil pan would not be entrained by the recirculating flow as shown in Fig. 3d . The second vortical flow structure is the recirculation bubble appearing near the rear lower corner. The oil mists rising from the top opening of the oil pan all rise up with the streamlines above the rear corner vortex, and therefore no oil mists are observed in the corner vortex according to our examination. The third vortical flow structure is the vortex appearing below the bottom face of the hood. The vortex is located between the down-blowing jet and the suction slot, as delineated by the dashed curves. The streamlines in that area of Fig. 7 do not complete the whole scenario of the flow structure there because the measurement volume of the cross laser light beams cannot reach that area due to the restrictions of the hood's geometry. However, the downward-concave curvatures of the streamlines around that area imply that a particular flow structure may exist there. The flow visualization picture shown in Fig. 8 clearly reveals the recirculation bubble existing in the area between the down-blowing jet and the hood. We term this vortex the 'isolation bubble'. The scenario in Fig. 8 does not always take place. The isolation bubble appears sometimes (not often), and only when the oil mists coincidently disperse to that area and are entrained into the vortex when an extremely large quantity of oil mists is released from the oil pans. The image of oil mists entrained in the isolation bubble does not appear for a long time after the isolation bubble appears. The image usually disappears within a few seconds because the oil mists temporarily entrained in the isolation bubble are quickly expelled through the suction slot. The down-blowing jet is attracted by a strong suction force applied by the suction slot, and therefore curves backwards and turns up towards the suction slot after it is blown down. Thus, a recirculation bubble is formed there. At the same time, since the down-blowing jet and the suction slot are located in the same plane (i.e. the bottom face of the hood), a 'short-circuit' air curtain is therefore formed by such an arrangement. The isolation bubbles isolate the oil mists, which may sometimes disperse to the left and right front corners where three-dimensional flow and geometry structures exist. Table 1 shows the relative leakage concentrations of SF 6 measured by a nine-probe grid in the front and lateral planes of the IQV range hood. For comparison, measurement results of the IAC (inclined air curtain) and conventional range hoods [quoted from Huang et al. (2010b) ] are listed in Table 1 . The relative concentration C* listed in Table 1 is defined as the measured timeaveraged leakage SF 6 concentration (denoted by C ave ) divided by the concentration (denoted by C 0 ) measured in the exhaust pipe when the gas ejector is inserted into the hood so that all SF 6 gas is exhausted. That is,
Velocity field
Tracer-gas leakage concentrations
Under the unoccupied condition, C* measured at locations P1-P6 (designated in Fig. 3c ) in the front plane of the IQV range hood show very small values. The value C* < 0.02 × 10 −3 in Table 1 means 'non-detectable' because it corresponds to the lower detectable limit 1 ppb of the presently used SF 6 detector. At V s = 8 m s , respectively), the relative leakage SF 6 concentrations measured at all locations are not larger than 0.02 × 10 , the leakage levels of the IQV range hood in the upper region of the hood , leakage levels measured at all locations of the front face are almost non-detectable.
The IAC range hood was installed at a height H = 55 cm, while the conventional range hood was at a height H = 60 cm. The suction flow rates for these two range hoods are the same-Q s = 10.5 m 3 min −1
, which is larger than those of the IQV range hood listed in Table 1 . The data of relative leakage concentrations C* listed in Table 1 for the IAC and conventional range hoods were measured only at three locations (upper, middle, and lower locations) on the column across the symmetry plane by the same grid of nine sampling probes used in this study. The gas release conditions are the same as those used in this work. It can be seen that the IAC hood presents a larger relative leakage concentration of 0.43 × 10 −3 at the middle location. At the upper and lower locations, the detected relative leakage concentrations are smaller-0.17 × 10 −3 and 0.21 × 10 −3
, respectively. These leakages, although small, are still apparently higher than those of the IQV range hood. For the conventional range hood, the relative leakage concentrations are significantly higher than those of the IQV and IAC range hoods. Particularly at the lower location, the relative leakage SF 6 concentration even attains 244 × 10 −3 , which is significantly larger than the general relative leakage level of 0.02 × 10 -3 presented by the IQV range hood.
The test results of relative leakage SF 6 concentrations C* measured at locations P7-P8 (designated in Fig. 3d ) in the right lateral plane of the IQV range hood are shown in Table 1 . Similar to the data appearing in the front face, the IQV range hood operating at a suction flow rate Q s greater than or equal to 7.2 m 3 min −1 presents almost null leakage values. However, the IAC and conventional range hoods present notable relative leakage concentrations in the lateral plane-the IAC range hood has the largest relative leakage concentration around the middle location, while the conventional range hood has the largest relative leakage concentration at the upper location.
As the mannequin is standing in front of the counter (i.e. the occupied condition), the relative leakage SF 6 concentrations C* measured at locations P9-P12 (designated in Fig. 1e ) in the front plane of the IQV range hood are shown in , leakage levels measured at all locations are almost non-detectable.
The relative leakage SF 6 concentrations C* measured at the breathing zone (P13) of the mannequin (designated in Fig. 1f ) are shown in Table 2 is quoted from Huang et al. (2011) . The relative leakage SF 6 concentrations of the IQV range hoods under the occupied case are at about the level of 0.02 × 10 −3 or less, which is similar to that of the unoccupied case shown in Table 1 . For the IAC range hood, the relative leakage SF 6 concentrations are drastically increased to 2.13 × 10 of the corresponding unoccupied case shown in Table 1 . The functioning of the conventional range hood can very easily be degraded from the influence of a cook's presence because the reverse flow induced in front of the cook's chest would entrain the pollutants out. The IAC range hood is still subject to the negative influence of the cook's presence, but not as much as that of the conventional range hood. The IQV range hood does not appreciably change due to the influence of the cook's presence, which coincides with the results of the flow visualization. This great improvement may be attributed to the backwards inclination of the vertical flow structures.
CONCLUSIONS
The IQV range hood employed a narrow suction slot on the bottom face of the hood and two side plates to create a flow field featuring four backwards-inclined vortical flow structures. At suction velocities larger than some critical value, the four vortices become coherent (although turbulent). The oil mists are contained in these vortices before exhausted outwards through the suction slot. Experimental results using the tracergas (SF 6 ) concentration detection method show close correlation with the results of flow visualization and LDV measurements. Under the unoccupied condition, leakage concentrations of SF 6 gas are negligibly small at V s ≥ 10 m s −1 (Q s ≥ 7.2 m 3 min −1
). Under the occupied condition, the almost no-leakage status is also attained because the four vortical flows are inclined backwards so that the reverse flow in the wake of the mannequin's chest induces a negligible effect on pollutant leakage. Under both unoccupied and occupied conditions, the IQV range hood presents significantly lower leakage levels than the data of the inclined air curtain and conventional range hoods reported in the literature. Although the IQV range hood presents high performance and low flow rate, it is worth noting that the side plates may induce a considerable impediment to the cook if the hood width is not large enough.
